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Abstract
Intracellular membrane transport is mediated predominantly by vesicles which bud from one compartment and fuse
specifically with the next compartment in the pathway, resulting in delivery of cargo. COPI-coated vesicles were first
identified as intermediates in intra-Golgi transport and subsequent work has shown that they are also involved in transport
between the endoplasmic reticulum and the Golgi complex. The COPI coat components have been characterised in detail at
the molecular level and a role for membrane proteins and lipids in membrane recruitment of COPI has been uncovered.
However, precisely how these distinct membrane components regulate coat recruitment is still unclear and is currently a
matter for debate. Furthermore, it is still not clear at exactly how many transport steps COPI is involved and whether it
mediates secretory transport in the anterograde or retrograde direction or both. This review focuses on our understanding of
COPI structure and function and describes recent findings on the sites of action of COPI in animal cells. ß 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Transport of proteins and lipids between the var-
ious membrane-bound compartments of a eukaryotic
cell is mediated predominantly by vesicular carriers.
Material to be transported is sorted and packaged
into vesicles which bud from a donor membrane,
move to the appropriate target membrane where
they dock speci¢cally and fuse to deliver their con-
tents. All vesicular carriers identi¢ed so far have a
distinct protein coat on their cytoplasmic surface.
The ¢rst described coat, composed of clathrin and
its adaptor proteins, is found on buds and vesicles
of the plasma membrane and the trans-Golgi net-
work (TGN) and is involved in ferrying cargo to
endosomes. More recently, non-clathrin-coated
vesicles have been identi¢ed on membranes of the
early secretory pathway. COPII-coated vesicles bud
from the endoplasmic reticulum (ER) and are obli-
gate intermediates in transport from the ER to the
Golgi complex. COPI-coated vesicles are involved in
membrane tra⁄c between the ER and the Golgi
complex, in transport between Golgi cisternae, and
more recent evidence suggests they also play a role in
endocytosis. In this review we will focus on the COPI
coat and its role in membrane tra⁄c in the animal
cell.
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2. COPI structure
COPI-coated vesicles were ¢rst identi¢ed using an
in vitro assay to study transport between Golgi cis-
ternae [1]. Initial morphological observations showed
that these vesicles had a protein coat distinct from
the previously characterised clathrin coat [2]. They
were found to be uniform in size, with a diameter
of about 75 nm and a coat about 10 nm thick. They
accumulated in the presence of the non-hydrolysable
nucleotide analogue GTPQS [3], known to block pro-
tein transport between successive Golgi cisternae,
leading to the hypothesis that these were the vesicles
mediating forward transport through the Golgi com-
plex. Subsequently, these vesicles, now known as
COPI-coated vesicles, were puri¢ed to homogeneity
[4] and the major protein constituents characterised
[5,6]. Two components are required to form the cy-
toplasmic COPI coat: coatomer and ADP-ribosyla-
tion factor (ARF). Coatomer is a cytosolic complex
of seven equimolar subunits with a molecular mass
of about 600 kDa [6^8], while ARF is a small (21
kDa) GTPase of the Ras superfamily [9,10].
2.1. The subunits of coatomer
The coatomer subunits are K- (160 kDa) [11,12], L-
(110 kDa) [7], LP- (102 kDa) [13,14], Q- (97 kDa)
[15,16], N- (57 kDa) [11,17], O- (36 kDa) [18] and j-
(20 kDa) [19] COP (for coat protein) (Table 1).
cDNAs encoding all of the subunits have now been
isolated and sequenced. All of the yeast homologues
have also been cloned and sequenced and share 33^
46% sequence identity with their animal counterparts
(Table 1, see review on yeast COPI by Gaynor and
Emr in this issue). The most striking feature of the
primary sequences of K- and LP-COP is the presence
of four and ¢ve WD-40 motifs (a conserved 40 ami-
no acid stretch ending in the residues Trp-Asp [20]),
respectively, in their N-termini. These motifs are typ-
ically found in the L-subunits of trimeric G proteins,
but also in subunits of other hetero-oligomeric com-
plexes. The function is at present unclear, although it
has been suggested that they might mediate protein-
protein interactions between subunits in a complex
or, alternatively, that they are involved in binding of
coatomer to membranes. Interestingly, there is weak
but signi¢cant sequence homology between L-, N- and
j-COP and subunits of the adaptor complexes of
clathrin-coated vesicles [7,11,19,21,22]. This, together
with the similarities in molecular mass between COPs
and components of the clathrin coat, suggests that
there may be similarities in structure or function be-
tween the two types of coat. The other coatomer
subunits do not share sequence identity with other
known proteins and so far none of the COPs has
been found to have any enzymatic activity. Two-di-
mensional electrophoresis has shown that L- and N-
COP exist as heterogeneously charged species [23,24].
This is due to phosphorylation of these subunits,
which occurs on serine residues. There are four to
¢ve di¡erentially phosphorylated forms of L-COP
and about two to four phosphorylated forms of N-
COP [24]. The functional signi¢cance of this phos-
phorylation is unknown, but it might help target
coatomer to di¡erent membranes in the cell, or per-
haps regulate coatomer interaction with di¡erent car-
go or receptor molecules.
2.2. Interactions between subunits
Coatomer exists as a stable complex in vivo and
cycles on and o¡ membranes as an intact unit [18].
However, under certain conditions, it is possible to
Table 1
Coatomer subunits
Subunit Mr (kDa) Yeast homologues Features
K 160 Ret1p (Sec33p) WD-40 repeats/subcomplex of K,LP,O-COP binds KKXX
L 107 Sec26p ARF binding/homologous to LP/L-adaptins of AP1/AP2
LP 102 Sec27p WD-40 repeats/subcomplex of K,LP,O-COP binds KKXX
Q 97 Sec21p KKXX binding
N 57 Ret2p Homologous to W subunits of AP1/AP2
O 36 Sec28p Subcomplex of K,LP,O-COP binds KKXX
j 20 Ret3p (Yzc1p) Homologous to c subunits of AP1/AP2
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reversibly dissociate the holo-complex into distinct
partial complexes in vitro [25,26]. This has allowed
the interactions between subunits to be mapped and
functions to be ascribed to some of these subunits.
When incubated in high salt concentrations, or modi-
¢ed with the reagent dimethyl maleic anhydride
(DMMA), coatomer dissociates to generate partial
complexes comprising an K-,LP-,O-COP trimer, a
L-,N-COP dimer and also a Q-,j-COP dimer [25^28].
A partial complex comprising L-,Q-,j-COP has also
been detected, although it was not clear in this case
whether N-COP was also associated with these sub-
units [28]. These ¢ndings have been complemented
by analysis of recombinant subunits in vitro and in
vivo, which revealed direct interactions between K-
and LP-COP, K- and O-COP, L- and N-COP, and Q-
and j-COP [11]. The partial coatomer complexes
generated in vitro can spontaneously reassemble
when removed from the high salt [25] or the pH is
lowered (for DMMA-modi¢ed COPs, [26]). In both
cases, reassembled coatomer is functional, since it
can be recruited onto membranes in a GTP-depend-
ent manner similar to the native complex.
Coatomer assembly in vivo occurs post-transla-
tionally, takes 1^2 h, and proceeds in a stepwise
manner with speci¢c subunit interactions occurring
before others [29]. At early times of assembly, direct
interactions between K-, LP- and N-COP, L- and N-
COP, and Q-,j-, and N-COP occur. The association
of N-COP with several other subunits at early times
might re£ect either an active role in the assembly
process or just that it has a central position within
the complex from where it can bind several other
subunits. After formation, the complex is stable
with a half-life of nearly 30 h [29]. No partial coat-
omer complexes have been detected in cell extracts
suggesting that they do not exist in vivo. The only
subunit that has been detected out of the entire coat-
omer complex is j-COP [19,29]. The functional role
of monomeric j-COP is at present unclear.
3. Membrane binding of COPI
3.1. Regulation of binding by ARF
The key to a better understanding of coatomer-
membrane interaction came from the ¢nding that
GTPQS prevents uncoating of COPI vesicles in vitro
[3]. Under these conditions, ARF was found to be a
major component of the coat with a stoichiometry of
three ARFs per coatomer [5]. Recruitment of coat-
omer from the cytosol to membranes requires prior
association of N-myristoylated ARF [30,31]. Mem-
brane binding of ARF is regulated by its nucleotide
state, with the GDP-bound form in the cytosol, and
the active GTP-bound form on membranes [32,33].
Nucleotide exchange is catalysed by a peripheral
membrane protein which can be inhibited by the
fungal metabolite brefeldin A (BFA) [34,35]. Coat
assembly is therefore inhibited by BFA, resulting in
inhibition of protein secretion [36]. Candidates for
the ARF guanine nucleotide exchange factor (GEF)
are p619, a Golgi protein with two motifs similar to
the Ran-GEF RCC1 [37], and ARNO, a protein with
Sec7 and pleckstrin homology domains [38]. The role
of p619 in COPI-mediated transport is at present
unclear since it can catalyse nucleotide exchange on
rabs in addition to ARF, and it is insensitive to BFA
[37]. ARNO and its yeast homologue, Gea1, are spe-
ci¢c for ARF [38,39]. While Gea1 is sensitive
to BFA, ARNO is not, suggesting the existence of
a regulatory component which confers BFA sensi-
tivity.
The mechanism by which ARF recruits coatomer
to membranes is currently a matter of debate. ARF
was originally believed to form a structural compo-
nent of the COPI coat, since it was a major compo-
nent of vesicles generated in the presence of GTPQS
[5]. Consistent with this, a direct interaction between
ARF and the coatomer subunit L-COP has been de-
tected [40]. This interaction occurs in a membrane-
and GTP-dependent manner and seems to persist
after budding since it is also found in isolated
COPI vesicles [40]. In an alternative model, it has
been proposed that ARF is not a structural coat
component, but rather acts exclusively to catalyse
coat recruitment at the donor membrane during bud-
ding [41]. In support of this, it has been found that
under certain conditions it is possible to produce
COPI vesicles containing no ARF [41]. Furthermore,
ARF is only found on COPI vesicles in the presence
of GTPQS, strongly suggesting that blocking nucleo-
tide hydrolysis by ARF forces it onto vesicles [41].
These data argue more for a regulatory role for ARF
in budding rather than a structural one.
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3.2. The role of lipids in coatomer recruitment
How might ARF regulate coat assembly? An im-
portant clue has come from studies on phospholipase
D (PLD) activity in Golgi membranes. PLD, which
catalyses conversion of phosphatidylcholine to chol-
ine and phosphatidic acid, has been localised to Gol-
gi membranes in a number of di¡erent cell lines [42]
and, interestingly, is activated by ARF-GTP [43,44].
Membranes with high endogenous PLD activity can
generate COPI vesicles in the absence of added ARF,
and furthermore, addition of bacterial PLD or PLD
activators to membranes with low endogenous PLD
activity bypasses the normal ARF requirement for
budding [41]. It has therefore been proposed that
ARF mediates coat assembly indirectly through acti-
vation of PLD. Since coatomer can bind to nega-
tively charged phospholipids in vitro [41,45], gener-
ation of localised regions of phosphatidic acid would
result in direct binding to these lipids, rather than to
ARF or other putative proteinaceous receptors for
coatomer. This may represent an oversimpli¢cation,
however, since ARF can also act through PLD to
recruit clathrin adaptors to the TGN and endosomes
[46^48]. ARF-dependent stimulation of PLD cannot
therefore explain how distinct coat proteins are re-
cruited to distinct membranes. It is likely that mem-
brane proteins provide that layer of speci¢city, and
that a combination of lipids and proteins lead to
e⁄cient coat assembly on the correct donor mem-
brane. A dual role for ARF in activating PLD in
parallel with direct coatomer binding therefore ap-
pears possible. Although the available evidence
does argue for a regulatory role for ARF on the
donor membrane, rather than a structural role in
the vesicle, this will only be resolved once the site
of GTP hydrolysis by ARF has been identi¢ed. If
it is on the vesicle, this argues more for a structural
role, while if its on the donor membrane, this argues
more for a catalytic role for ARF in assembly. Since
the ARF GTPase activating protein (GAP) has re-
cently been identi¢ed [49], this issue should soon be
resolved.
3.3. The role of receptor and cargo proteins in
coatomer recruitment
Recent experiments have shown that coatomer can
interact directly with cytoplasmic motifs of integral
membrane proteins. This was ¢rst demonstrated for
the C-terminal KKXX motif of type I transmem-
brane proteins [27], which functions to retrieve these
proteins from the Golgi complex back to the ER [50].
Experiments with partial coatomer complexes have
shown that a trimer comprising K-, LP-, O-COP can
bind e⁄ciently to this dilysine signal in the absence
of the other COPs and in the absence of ARF
[25,27], while cross-linking studies using puri¢ed
coatomer suggest that Q-COP is the KKXX binding
subunit [16]. While the reason for this discrepancy is
not yet clear, it might be explained by coatomer
adopting di¡erent conformations during membrane
association. Perhaps it ¢rst binds to the KKXX sig-
nal via the K-,LP-,O-COP trimer and then changes
shape to make contact with the motif via Q-COP.
An alternative explanation is that coatomer has
two dilysine binding motifs [51]. The K-,LP-,O-COP
trimer can bind directly to membranes via KKXX
motifs of proteins on the membranes, although in
an ARF-independent manner [25]. This suggests
that the dilysine motif might play a role in stabilising
membrane association of coatomer after it has
undergone the initial ARF-dependent recruitment
to the membrane. Such a hypothesis is supported
by the ¢nding that antibodies against the KKXX
tail of p53/58 inhibit coatomer binding to mem-
branes [52].
Coatomer can also bind directly to the cytoplasmic
tail of p24, a transmembrane protein enriched in
COPI vesicles, even though it has no dilysine motif
[28]. This led to the identi¢cation of another motif
for coatomer binding, the phenylalanine (F) motif
[28]. The F motif appears to function as an antero-
grade transport signal in the secretory pathway and
is found in a number of related proteins which have
been termed the p24 family [28]. p24 family members
have been found in COPII as well as COPI vesicles
[53]. It has been proposed that they play a role in
selection of cargo into vesicles and therefore function
as cargo sorting receptors during budding (see be-
low). Some of the p24 proteins also have a KKXX
motif or a closely related sequence, and one member,
p23, has a KKXXX motif in its tail which can also
bind coatomer [54]. Mutational analysis has shown
that in the case of p23, coatomer can still bind,
although with less e⁄ciency, to a tail lacking the
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dilysine motif and containing the F motif, while it
cannot bind to a tail lacking the F motif but con-
taining an intact dilysine motif. This is di¡erent from
the KKXX signal of ER proteins, where the lysines
are the essential determinants for coatomer interac-
tion. These data suggest that coatomer can bind in a
di¡erent manner to the dilysine and F motifs. Con-
sistent with this, experiments using partial coatomer
complexes have shown that a L-,Q-,j-COP trimer can
bind to the F motif while an K-,LP-,O-COP trimer
binds to the dilysine motif [28].
p23 and p24 are major proteins of Golgi-derived
COPI vesicles [54,55]. Quantitation of p23 abun-
dance has shown that it is 20-fold enriched in vesicles
over Golgi membranes and that it is 4-fold more
abundant in vesicles than coatomer [54]. This sug-
gests that coatomer might bind to oligomers of p24
family proteins, and in line with this, oligomers of
p24 proteins have been detected in yeast [56]. The
abundance of p24 proteins in vesicles and their abil-
ity to bind coatomer has prompted the hypothesis
that they are coatomer receptors, suggesting they
are essential for generation of COPI vesicles [57].
Whether this is the case has not been established.
Deletion of the yeast p24 isoform p24A resulted in
a reduction in the number of transport vesicles seen
in vivo, suggesting that the p24 proteins do play
some role in budding [55]. However, whether they
are essential could not be addressed in these experi-
ments since the other p24 isoforms were present.
While it is certainly likely that p24 proteins do play
a role in stabilising the interaction of coatomer with
membranes, probably in concert with dilysine bear-
ing proteins, further experiments will be required to
assess if they are indeed essential components of the
budding machinery.
The ability to dissociate coatomer into separate
subcomplexes with di¡erent binding speci¢cities sug-
gests that it might function as a modular complex. A
L-,N-COP dimer has recently been shown to bind
Golgi membranes in an ARF-dependent manner
[26], suggesting that these two subunits could form
a module within the entire complex that mediates the
initial ARF-dependent membrane recruitment of
coatomer. The K-,LP-,O-COP and L-,Q-,j-COP trimers
might then function as receptor/cargo binding mod-
ules mediating transport of these proteins either in a
retrograde (K-,LP-,O-COP) or an anterograde (L-,Q-,j-
COP) direction. Such a modular coatomer complex
could therefore have multiple contact sites with the
membrane, binding not only signals in cytoplasmic
tails but also to acidic lipids and possibly ARF. This
would lead to a co-operative e¡ect resulting in high
a⁄nity membrane interaction. This would be similar
to the co-operativity shown by ARF and signals in
the mannose-6-phosphate receptor tail to mediate
high a⁄nity membrane association of the AP1 adap-
tor [58].
4. COPI function
4.1. Budding of transport vesicles
The only cytosolic proteins required to generate
COPI-coated vesicles in vitro are coatomer and
ARF [59]. Polymerisation of coatomer complexes
on the membrane is believed to provide the mechan-
ical force necessary to deform the £at membrane into
a spherical vesicle [60]. It has also recently been pro-
posed that generation of phosphatidic acid in the
outer lea£et of the membrane by PLD could help
promote membrane curvature [41]. At a late stage
in budding, periplasmic fusion drives ¢ssion of a
newly generated COPI vesicle in a reaction requiring
palmitoyl CoA [61,62]. The protein components in-
volved in this step remain to be identi¢ed.
4.2. Sorting of cargo into vesicles
Interaction between coatomer and the KKXX mo-
tif is required for selective retrograde transport of the
proteins bearing this motif from post-ER compart-
ments back to the ER [63]. Coatomer therefore func-
tions to sort KKXX proteins for transport. The di-
lysine signal is found on type I transmembrane
proteins including the mannose-speci¢c lectin ER-
GIC53/p58 [64^66] as well as some members of the
p24 family [26,55]. ERGIC53/p58 constitutively
cycles between the ER and Golgi complex in animal
cells [67]. Since it can interact directly with glycopro-
teins and coatomer, it is probably involved in sorting
of proteins into COPI-coated vesicles mediating traf-
¢c between these two organelles. ERGIC53/p58
might play an important role in quality control by
retrieving misfolded glycoproteins back to the ER
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where they can either be degraded or undergo anoth-
er round of chaperone-mediated folding.
The p24 family of proteins has also been impli-
cated in cargo sorting. This is based on the ¢nding
that deletion of the yeast p24 family member Emp24
leads to a selective defect in transport of some cargo
proteins, but not others [53]. Such a predicted func-
tion would be consistent with the topology of these
proteins, which have a relatively large lumenal do-
main and a short cytoplasmic tail, and the fact that
there are several species in coated vesicles, suggesting
di¡erent members are required for transport of dif-
ferent cargo molecules [28,55]. The p24 proteins have
a membrane-proximal predicted coiled-coil region
which could conceivably be involved in cargo bind-
ing, or alternatively mediate oligomerisation between
di¡erent members of the family. p24 proteins, like
ERGIC53/p58 also cycle between the ER and Golgi
complex and so could mediate transport of cargo in
either the anterograde or retrograde direction [68].
However, whether they sort cargo at all awaits dem-
onstration of a direct interaction with cargo proteins
destined for packaging into vesicles.
COPI vesicles produced from rat liver Golgi in
vitro (in the presence of GTPQS) do not contain sig-
ni¢cant amounts of soluble secretory (serum albu-
min) or membrane (polymeric IgA receptor) proteins
but do contain signi¢cant amounts of proteins cy-
cling between the ER and Golgi complex, such as
the KDEL receptor and ERGIC53/p58 [69]. This
has prompted much speculation as to whether
COPI vesicles mediate transport in the anterograde
or retrograde direction (see below). However, recent
observations suggest that some caution should be
applied to the interpretation of experiments with
COPI-coated vesicles made in vitro in the presence
of GTPQS. COPI-coated buds and vesicles generated
in living cells after microinjection of GTPQS are, for
example, devoid of a commonly used cargo marker
protein, the membrane glycoprotein of vesicular sto-
matitis virus [70]. This result suggests that GTPQS
interferes with cargo sorting. There are several pos-
sible explanations for such a ¢nding. Perhaps the
most interesting is that, in the normal course of bud-
ding, cargo molecules signal through ARF to stim-
ulate PLD activity and recruit coatomer to the cor-
rect place on the membrane. Cycles of GTP binding
and hydrolysis would then lead to accumulation of
the coat in a cargo-dependent manner. With GTPQS
this signalling would be bypassed, since ARF would
be constitutively activated and lead to PLD activa-
tion even in the absence of cargo. Interestingly, there
is evidence that heterotrimeric G proteins and second
messenger signalling pathways regulate membrane
binding of coatomer [32,71,72]. It is conceivable
that such molecules could play an important role in
mediating signalling between cargo and the budding
machinery.
4.3. Prevention of non-speci¢c membrane fusion
Although coatomer and ARF are essential for pro-
duction of COPI-coated vesicles, transport between
Golgi cisternae in vitro can occur in the absence of
either component [73,74]. This ¢nding led to the pro-
posal that coatomer and ARF couple vesicle budding
and fusion [74]. Removal of COPI from membranes,
as with BFA for example, leads to uncoupled fusion
between compartments. Coatomer therefore appears
to play an important role in covering membrane
components, for example SNAREs, which when ex-
posed can mediate membrane fusion. In support of
this, microinjection into cells of antibodies against L-
COP, which enhance coatomer binding to mem-
branes, prevents the BFA-induced fusion of the Gol-
gi complex with the ER [75]. Although the morphol-
ogy of the Golgi complex is altered under these
conditions, it remains distinct from the ER, and no
mixing of the organelle contents occurs.
5. Sites of action of COPI
5.1. COPI and intra-Golgi transport
COPI-coated vesicles have been identi¢ed using an
in vitro assay to measure protein transport between
Golgi cisternae [76]. Detection of the secretory
marker protein VSV-G in these vesicles suggested
they were moving in the anterograde direction
[5,62]. However, it has recently been proposed that
COPI vesicles function exclusively in retrograde
transport [63,77], and an alternative model for pro-
tein transport through the Golgi stack has been dis-
cussed [78^80]. The ¢ndings that COPI vesicles me-
diate retrograde Golgi to ER transport [63] and that
BBAMCR 14321 5-8-98
M. Lowe, T.E. Kreis / Biochimica et Biophysica Acta 1404 (1998) 53^6658
Golgi enzymes can be detected in COPI vesicles gen-
erated in vitro [69], albeit in low amounts, have been
taken as evidence for such a model. This model,
called cisternal maturation, proposes that Golgi cis-
ternae form de novo on the cis-side of the stack by
fusion of ER-derived transport intermediates with
each other, and that they progressively mature and
migrate through the stack, as material to be retained
(e.g. Golgi resident enzymes) is transported back
from more distal compartments (see also [81,82]). It
has also been used to explain how supramolecular
structures such as algal scales and lipoprotein par-
ticles, which appear too large to be packaged into
small vesicles, are transported along the secretory
pathway [83].
Detailed immunocytochemical analysis has shown
that both anterograde and retrograde directed cargo
proteins are present in Golgi-derived COPI-coated
buds and vesicles, both in cells and in vitro. Ante-
rograde and retrograde cargo were found in distinct
sets of vesicles, suggesting that two populations of
COPI vesicles exist, one mediating anterograde trans-
port and one mediating retrograde transport [84].
These data argue for bi-directional transport by
COPI vesicles through the Golgi complex, rather
than a role exclusively in retrograde transport as
proposed by the maturation model (for a critical re-
view see [85]). Although certain aspects of the matu-
ration model might prove correct, it is likely that
COPI vesicles can also to some extent mediate ante-
rograde transport through the Golgi complex.
5.2. COPI and transport between the ER and the
Golgi complex
It has been known for several years that material
to be transported from the ER to the Golgi complex
in animal cells passes through the intermediate com-
partment (IC). The structure of the IC and its precise
role in transport have, however, been poorly de¢ned
until very recently. A combination of electron micro-
scopy (EM) and visualisation of membrane tra⁄c in
living cells has now shown that the morphologically
pleiomorphic IC corresponds most likely to vesicles
and tubules building up at ER export sites (vesicular-
tubular clusters, or VTCs), which then transform
into transport complexes (TC) which move as dis-
crete units along microtubules to the Golgi complex
[81,86,87].
A number of studies using immuno£uorescence
and immuno-EM have shown that COPI is localised
to the IC [7,88^90]. In fact, quantitative immuno-EM
indicated that the majority of L-COP is on mem-
branes at the cis-side of the Golgi complex in rat
exocrine pancreatic cells [88], suggesting that COPI
plays its major role in transport between the ER and
Golgi complex. This is consistent with the extensive
co-localisation of COPI and biosynthetic cargo
Fig. 1. Immuno£uorescence localisation of COPI to TCs and the Golgi complex. Co-visualisation of L-COP (B, D) and GFP-tagged
ts-045-VSV-G (A, C) after accumulation for 2.5 h at non-permissive temperature (39.5‡C) and shifting to permissive temperature
(31‡C) for 10 min in a Vero cell transiently expressing ts-G-GFP (for details see [87]). TCs containing both ts-G-GFP and L-COP are
marked by arrowheads. Bar=10 Wm.
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(VSV-G) on the IC [87,89,91,92] (Fig. 1). Microinjec-
tion of antibodies against L-COP into animal cells
blocks transport of VSV-G from the ER to the Golgi
complex [93], and inhibition of ER to Golgi trans-
port is also observed when permeabilised cells are
incubated with antibodies against L-COP [94]. Ex-
pression of dominant negative ARF mutants also
inhibits ER to Golgi transport [95,96]. Together
these data suggest that COPI is required for ER to
Golgi transport in animal cells. In addition, two lines
of evidence strongly suggest a role for COPI in ret-
rograde transport from the Golgi complex to the ER.
First, coatomer can interact directly with dilysine
retrieval motifs required for transport of proteins
from post-ER compartments back to the ER
[25,27]. Second, certain coatomer mutations in yeast
inhibit retrieval of dilysine-tagged proteins to the ER
[22,63,97].
The initially controversial issue of whether COPI-
coated vesicles mediate anterograde ER to Golgi
transport or retrograde transport to the ER appears
to be resolved. The available data are consistent with
the following model (Fig. 2). Export of proteins from
the ER is mediated by COPII vesicles [98] which
either fuse with each other to generate VTCs de
novo, or fuse with pre-existing VTCs. COPI associ-
ates with these membranes as COPII is displaced
[87,90,99], and remains associated with TCs as they
migrate along microtubules towards the Golgi com-
plex [87]. The function of COPI on TCs is to recycle
a subset of proteins from TCs back to the ER (COPI
vesicles are probably also involved in retrieval of
material from the Golgi complex, since Golgi mod-
i¢cations have been found on some KKXX-bearing
proteins) [100]. In fact, COPI buds have been de-
tected on VTC/TCs (see for example [89,91]). The
sequential association of COPII and COPI with
VTC and TC membranes has been shown biochemi-
cally, morphologically and functionally [70,87,90,99].
Reagents which abrogate COPII function interfere
with transport from the ER to VTCs but have no
e¡ect on transport of TCs to the Golgi complex,
while reagents which abrogate COPI function have
no e¡ect on ER export but block transport to
the Golgi complex [70,99]. Furthermore, when CO-
PII is prevented from dissociating from TC mem-
branes (e.g. in the presence of the GTP-restricted
Sar1a[H79G]p mutant), COPI becomes predomi-
nantly cytosolic (R. Pepperkok and T.E. Kreis, un-
published data) as if COPII failed to generate the
membranes onto which COPI can bind.
COPI-coated vesicles are thus indirectly necessary
for anterograde transport; they retrieve earlier acting
factors (e.g. ERGIC53/p58, v-SNAREs, chaperones)
which, if not removed, would prevent transfer of
material to the Golgi complex. This model is also
consistent with the ¢nding that antibodies which pre-
vent association of COPI with the dilysine motif of
ERGIC53/p58 block further anterograde transport
of cargo to the Golgi complex [52]. TCs progressively
mature as they travel towards the Golgi complex in a
manner analogous to the proposed maturation of
endosomes [101,102]. In both cases, the composition
and identity of the compartments progressively
change through fusion of incoming vesicles and ¢s-
sion of vesicles retrieving material to earlier compart-
ments, as they move in a microtubule-dependent
manner away from the periphery (ER, early endo-
somes) towards the area of the microtubule organis-
ing centre (Golgi complex, late endosomes).
5.3. COPI and the endocytic pathway
A function for COPI also in the endocytic path-
way has recently been proposed. Puri¢ed endosomes
were shown to recruit in vitro a coat immunologi-
cally related to COPI [103,104], and coatomer sub-
units have been localised in cells on endosomal mem-
branes by immuno-EM [103]. While K-, L-, LP-, O-
and j-COP-related proteins were found on endo-
somes, no cross-reaction of speci¢c antibodies with
the Q- and N-subunits was detected [103]. This result
suggests the existence of speci¢c endosomal coatomer
subunits, since no partial complexes have been de-
tected using antibodies which react with the endo-
somal COPs [29]. Microinjection of antibodies
against L-COP inhibits infective entry of enveloped
viruses into cells [103] and O-COP-de¢cient CHO
(ldlF) cells are also defective in the endocytic path-
way [105], indicating that coatomer or a related pro-
tein complex plays an essential role in endocytosis.
Recent data from experiments with the ldlF cells
suggest that O-COP acts early in the endocytic path-
way, most likely inhibiting normal sorting or recy-
cling functions of early endosomes [106]. Thus, an
interesting possibility is that the endosomal COPI-
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related coat is involved in the budding of vesicles
which mediate retrieval of material from endosomes
in a manner analogous to COPI in the early secre-
tory pathway.
6. Di¡erent coatomer complexes or only one?
Coatomer appears to be involved in many di¡erent
steps of membrane tra⁄c. It must also be able to
recognise distinct motifs during distinct transport
steps. To account for this, there could either be
one coatomer complex which adopts di¡erent con-
formations to specify targeting to di¡erent mem-
branes and interaction with di¡erent signals, or there
could be di¡erent coatomer isoforms, each one re-
sponsible for a particular transport step. Since dis-
tinct coatomer subcomplexes can bind distinct motifs
that may specify transport in di¡erent directions [28],
it has been proposed that the coatomer complex can
adopt di¡erent conformations for each direction of
transport in the early secretory pathway (L-, Q-, j-
COP for anterograde, COPI-a, and K-, LP-, O-COP
for retrograde, COPI-r, transport; Fig. 2). Coatomer
could either polymerise into two structurally related
forms which are stable, or undergo switching be-
Fig. 2. Model indicating the role of COPI in the early secretory pathway. COPII-coated vesicles build up a VTC (vesicular-tubular
cluster) close to the ER; subsequently, COPI replaces COPII and the entire transport complex (TC) moves towards the cis-face of the
Golgi complex where it builds up the cis-Golgi network (CGN). COPI can bud vesicles from membranes of the TCs and Golgi com-
plex that move in either the anterograde (COPI-a) or retrograde (COPI-r) direction (for details see text).
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tween di¡erent conformations. Other regulatory pro-
teins or even di¡erential phosphorylation might play
a role in mediating such changes [24]. There is also
evidence that novel genes related to known coatomer
subunits exist [107]. This, together with the detection
of an immunologically related complex on endo-
somes might indeed suggest the existence of di¡erent
isoforms of COPI. Clearly however, a de¢nite answer
to the question of whether di¡erent coatomer com-
plexes exist awaits further characterisation of new
COPI-related proteins at the molecular level.
7. Conclusions and prospects
Our understanding of coatomer structure and
function has progressed immensely over the last
few years. The coatomer subunits have been charac-
terised at the molecular level and their interactions
with each other and with speci¢c sorting motifs de-
¢ned. It appears that the basic components required
for interaction of coatomer with membranes are now
identi¢ed and an important role for lipids in that
process has been discovered. Yet, many questions
remain. In particular, it is still unclear at precisely
which steps in intracellular membrane transport
coatomer operates. This will require detailed analysis
of intact cells, or speci¢c in vitro analyses in the
absence of agents perturbing sorting or budding
functions (e.g. GTPQS). It will be interesting to see
how many membrane compartments bud COPI
vesicles and what cargo these vesicles carry. Direct
visualisation of COPI together with cargo during
transport in living cells should prove an extremely
powerful approach, especially when combined with
quantitative electron microscopy. Other important
questions remain over the respective roles of PLD
and cargo/receptor molecules in recruiting coatomer
to membranes. A further key issue will be to eluci-
date the mechanisms that underlie the packaging of
cargo into COPI vesicles and its dependence on the
families of small GTP binding proteins ARF and
rab. Finally, it will be essential to identify any addi-
tional related COPI components.
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